Bridges of Low Energy observables with Leptogenesis 
in fi — r Reflection Symmetry 

Y. H. Ahn"'*, Sin Kyu Kang''-, C. S. Kim^', T. Phong Nguyen'^' 
^ ■ Institute of Physics, Academia Sinica, Taipei, Taiwan 115, ROC 

^ . ^ School of Liberal Arts, Seoul National Univ. of Technology, Seoul 139-743, Korea 

^ ! Dept. of Physics and IPAP, Yonsei University, Seoul 120-749, Korea 

^ '■ Abstract 
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We consider an exact ^ — t reflection symmetry in neutrino sector realized at the GUT scale 



> 

X 



in the context of the seesaw model with and without supersymmetry. Assuming the two lighter 
heavy Majorana neutrinos are degenerate at the GUT scale, it is shown that the renormalization 



group (RG) evolution from the GUT scale to the seesaw scale gives rise to breaking of the — r 



symmetry and a tiny splitting between two degenerate heavy Majorana neutrino masses as well as 



J> ' small variations of the CP phases in Y^, which are essential to achieve a successful leptogenesis. 

OO 

. Such small RG effects lead to tiny deviations of 623 from the maximal value and the CP phase 6cp 

from ^ imposed at the GUT scale due to ^ — r reflection symmetry. In our scenario, the required 
amount of the baryon asymmetry r/^ can be generated via so-called resonant e- leptogenesis, in 

00 " 

■ which the wash-out factor concerned with electron flavor plays a crucial role in reproducing a 



successful leptogenesis. We show that CP violation responsible for the generation of baryon 



H ' asymmetry of our universe can be directly linked with CP violation measurable through neutrino 

oscillation as well as neutrino mixing angles 612 and ^13. We expect that, in addition to the reactor 
and long baseline neutrino experiments, the measurements for the supersymmetric parameter 
tan (3 at future collider experiments would serve as an indirect test of our scenario of baryogenesis 
based on the fJ- — t reflection symmetry. 
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I. INTRODUCTION 

The present neutrino experimental data exhibit that the atmospheric neutrino 

deficit points toward a maximal mixing between the tau and muon neutrinos, however, the 
solar neutrino deficit favors a not-so-maximal mixing between the electron and muon neutri- 
nos, i.e., \Ui^i_s\ ^ \Ur3\ — where U is the leptonic PMNS mixing matrix. In addition, 
although we do not have yet any firm evidence for the neutrino oscillation arisen from the 
1st and 3rd generation fiavor mixing, there is a bound on the mixing element Ues from 
CHOOZ reactor experiment, {Uesl < 0-2 Although neutrinos have gradually revealed 
their properties in various experiments since the historic Super-Kamiokande confirmation 
of neutrino oscillations [1], properties related to the leptonic CP violation are completely 
unknown yet. CP violations in the leptonic sector are also obligatory, if the matter and an- 
timatter asymmetry of the Universe is made through leptogenesis scenario jsl in the seesaw 
models [Gj. 

Recently, the so-called fi-r refiection symmetry 7|, ISj has been imposed in light neutrino 
mass matrices so that the maximal atmospheric mixing 623 = 7r/4 as well as the maximal 
value for the Dirac CP violating phase ^cp = 7r/2 are predicted j^, Under the /z-r 
refiection symmetry in the context of a seesaw model, it is supposed that the right-handed 
neutrinos transform into the charge conjugates of themselves, Nj — > A^^^ and the light left- 
handed neutrinos into ^lU^^u^ ^2K^'^t ^2^^, 3, S [ill with the corresponding 
phases ^j. The effective mass matrix derived from the seesaw mechanism is invariant under 
the fi — T reflection symmetry, too. In the light of the CP violation from the neutrino 
oscillations [12!], the /i — r reflection symmetry indicates that, for given values of mixing 
angles, the CP asymmetry Ve) — P{^fi ^ ^e) is maximal. 

In this paper, we consider a seesaw model with the fi — r reflection symmetry. In contrast 
with other models concerned with the fi — t reflection symmetry, we impose the exact sym- 
metry at the GUT scale and consider renormalization group (RG) evolution isl, Q, Q, [l^ 
on the neutrino Dirac Yukawa couplings, heavy Majorana neutrino masses and CP phases 
by running from the GUT scale to a seesaw scale. One of interesting issues concerned with 
neutrino models with the fi — t reflection symmetry is if baryogenesis can be successfully 
realized through leptogenesis or not. In fact, high energy cosmo logical CP violation respon- 
sible for baryogenesis vanishes as long as the fi — t reflection symmetry is kept exact and 
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flavor effects associated with the charged leptons are not taken into account js^. However, 
it has been shown that flavor effects can lead to a successful leptogenesis for Mi < 10^^ 
GeV in the limit of the fi — t reflection symmetry as long as a partial lepton asymmetry 



associated with a lepton flavor does not vanish even if total lepton asymmetry is zero 
According to our numerical estimates made in this paper, it is not true in some cases of 
heavy Major ana neutrino mass spectrum with hierarchy structures like Mi -C M2 < M3 and 
Ml ~ M2 << M3. In such CclSGS, clS will be shown later, breaking of the fj, — r reflection 
symmetry can lead to successful leptogenesis. Instead of introducing ad-hoc soft symmetry 
breaking terms, in this paper, we consider a possibility that RG evolutions of neutrino pa- 
rameters can beak the fi — t reflection symmetry and then examine if such breaking effects 
due to the RG evolutions can lead to successful baryogenesis. To do that, we simply assume 
that two lighter heavy Majorana neutrino masses are exactly degenerate at the GUT scale. If 
a mass splitting between two degenerate heavy Majorana neutrinos due to the RG evolution 
comes out to be small, we expect that the lepton asymmetry can be resonantly enhanced 
171]. However, we show that even though the total lepton asymmetry can be resonantly 
enhanced, the magnitude of the total lepton asymmetry is not enough to achieve successful 
baryogenesis in the context of the Standard Model (SM) with the yU — r reflection symmetry 
broken by RG corrections. 

In general, the absolute magnitudes of the lepton asymmetries for each lepton flavor 
can be larger than that of the total lepton asymmetry. Furthermore, since the interactions 
mediated by the tau and muon coupling are in thermal equilibrium at below the temperature 
M ~ 10^ GeV, the processes which wash out lepton number are flavor dependent and thus 
the lepton asymmetries for each flavor should be treated separately with different wash-out 
factors. It has been known that flavor effects can enlarge the area of parameter space where 
leptogenesis can work. Thus, it is meaningful to investigate if leptogenesis including flavor 
effects can be successfully realized in the case that leptogenesis without flavor effects does 
not work successfully. In this paper, we shall examine if the flavor effects on leptogenesis 
can help to achieve successful baryogenesis in the context of the SM with the /i — r reflection 
symmetry broken by RG corrections. In particular, we shall carefully discuss how the wash- 
out factors for each lepton flavor can be significant to achieve successful leptogenesis. 

In the supersymmetric seesaw model (SSM), the baryon asymmetry of our universe can be 
achieved leptogenesis via the decays of heavy Majorana neutrinos. One of interesting points 



3 



is that the lepton asymmetry in the SSM can be enhanced in the case of large tan (3 because it 
is proportional to the charged lepton Yukawa couphngs Yi — y^g^(l + tan/3). Thus, even for 
the parameter space where leptogenesis in the SM does not work, supersymmetry can make 
leptogenesis working. We also expect that since the RG evolutions in the SSM are different 
from those in the SM, the parameter space where leptogenesis can work must be different 
each other. In this paper, we shall study how the results concerned with leptogenesis in the 
SM can change when we supersymmetrize it. 

This paper is organized as follows: In Sec. II, we present a seesaw model reflecting 
/X — T reflecting symmetry at the GUT scale in the context of both SM and SSM. In Sec. 
Ill, we discuss how wc can obtain a RG-improved neutrino mass matrix. We show that 
the RG evolutions break the H — t reflection symmetry and derive the deviations of low 
energy neutrino mixing angles and CP phase from their tree level values which can be 
parameterized in terms of a parameter concerned with the RG evolution. The discussion for 
RG evolution from the GUT scale to low scale and useful formulae are given in Appendix. 
In Sec. IV, we show how successful leptogenesis can be radiatively induced in our scheme. 
Here, we discuss how lepton flavor effects are important to achieve successful leptogenesis 
and carefully estimate the wash-out factors by taking flavor effects into account. Numerical 
results and conclusion are given in Sec. V. 

II. SEESAW MODEL WITH THE /x - r REFLECTION SYMMETRY 
A. In case of the SM 

To begin with, let us consider the Lagrangian of the lepton sector from which the seesaw 
mechanism works. 

Cm = -LY,N4> - LYiIr4> - h^'MnN + h.c, (1) 

where the family indices have been omitted and Lj, Ir, 0, N, i — e,ii,T stand for SU(2) 
lepton doublet fields, charged lepton singlet fields and Higgs scalar and singlet heavy Majo- 
rana neutrino, respectively. In the above lagrangian, Mr, Y/ and Y^ are the 3x3 heavy 

Majorana neutrino mass matrix, charged lepton and neutrino Dirac Yukawa matrices, re- 
spectively. After spontaneous electroweak symmetry breaking, the seesaw mechanism leads 
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to the following effective light neutrino mass term, 



(2) 



where t; is a vacuum expectation value of the Higgs field with v ^ 174 GeV. 

Let us impose the /i — r reflection symmetry for the neutrino sectors at the GUT scale, 
which is the combined operation of /i — r flavor exchange in PMNS mixing matrix and CP 
transformation on the leptonic sector 7|, in the basis where both the charged lepton mass 
and heavy Majorana mass matrices are diagonal. Under the ^ — t reflection symmetry, the 
right-handed neutrinos transform into the charge conjugates of themselves, A^j A^f and 
thus the elements of M/j should be real. Then, the neutrino Dirac Yukawa matrix and the 
heavy Majorana neutrino mass matrix, at the GUT scale, are taken to be 



v 



ai hie"^^ hie-"^ 



^ Ml ^ 



M, 



v 



M2 

M3 



(3) 



where a^, 6j {i = 1, 2, 3) of the neutrino Dirac Yukawa matrix are all real. We assume that 
the two heavy Majorana neutrinos are exactly degenerate in mass, which is much smaller 
than that of the right-handed neutrino A^3, i.e. Mi = M2 = M -C M3. It turns out, after 
our analysis, that in the light of seesaw mechanism with such a hierarchy of heavy Majorana 
neutrinos the effects of the parameters 03 and (ps on low energy neutrino phenomenology 
and even leptogenesis are negligibly small. Thus, for our convenience, we take 03 = and 
03 = at the GUT scale. 

Introducing several parameters deflned by the ratios among the parameters appeared in 
Eq. ([3]), as follows. 



_ 2 ^3 X _ 



UJ= — 



a2 



V 



M3 
M ' 



(4) 



the effective light neutrino mass matrix generated through seesaw mechanism can be written 

as 



rries = mo 



TUee rrief, 771^^ 



ITl^^ TTl^j- 



/IT 



m 



(5) 
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where 



■q r] 

We see that the effective neutrino mass matrix meg reffects the /i — r reffection symmetry 
[3]. Here, we have not yet considered RG corrections to rricE from the GUT scale to a seesaw 
scale, so the form of meg given in Eq. ([5]) is regarded at tree level. 

It is not difficult to see that the seesaw model based on Eq. ([3]) leads to the normal 
hierarchical light neutrino mass spectrum because we take diagonal form of heavy Majorana 



neutrino mass matrix 



19|, 



20|. Thus, the RG effects from a seesaw scale to electroweak 
scale on rriefr as well as on the neutrino mixing matrix f/pMNS are expected to be very small. 
Starting from the fi — t reflection symmetric forms of and M/j, we shall show that the 
fi — T reflection symmetry is broken due to the RG running effects between the GUT and 
a seesaw scale and they can lead to successful leptogenesis without being in conflict with 
experimental low energy constraints. 

Concerned with CP violation, we notice from Eq. (JSj) that the CP phases (/)i,2 coming 
from Yj, take part in low-energy CP violation. To see how the CP phases 0i,2 are correlated 
with low energy CP violation measurable through neutrino oscillations, let us consider CP 



violation parameter defined through Jarlskog invariant 21 1 



-^cp = ^ sin 26'i2 sin 26'23 sin 26'i3 cos sin ^cp = A^"^i^r^r a^^I ' (6) 

where h = mlgmes and Am'^j = ra^ — ra^-. From the matrix given in Eq. ([5]) it can be written 

as 

Jcp ~ lm[he^h^,rhre] - mlAnu sin A0i2 + 0(?7"^), (7) 

where A is the lengthy function composed of the parameters k, cu, x, A, cos A{/)i2 and A</)jj = 
(f)i—(f)j. We see from the above equation that Jcp is correlated with high energy CP parameter 
A012. As long as A0i2 7^ and A 7^ 0, Jcp have non- vanishing value, which would be a 
signal of CP violation. 

The combination of Dirac neutrino Yukawa matrices, which is relevant for leptogenesis. 
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is given by 



Y.Yt = H 



hi 



\ 



\ 



(8) 



+ 2ct;^ Ax + 2c(jKcos A012 2c<j cos A</)i3 
Ax + 2ti;fi: cos A012 x^ + 2kcosA</) 
2ci;cosA0i3 2kcosA023 2 

From this, we find that the hermitian quantity Yj,Y|^ in the hmit of the /i — r reflection 
symmetry leads to Im[Y^Yj,] = and thus vanishing lepton asymmetry which is undesirable 
for a successful leptogenesis. To generate non-vanishing lepton asymmetry, both the mass 
degeneracy of the 1st and 2nd heavy Majorana neutrinos and the /i — r reflection symmetric 
texture of Yj, in Eq. ([3]) should be broken. 



B. In case of the SSM 



In the SSM, the leptonic superpotential is given by 

W^iepton = llYiL ■ Hd + NIY.L ■ - ^NfMnNl , (9) 

where the family indices have been omitted and L stands for the chiral super-multiplets of 
the SU(2)^ doublet lepton fields, Hu,d are the Higgs doublet fields with hypercharge ±1/2, 
Nl and /£ are the super-multiplet of the SU(2)^ singlet neutrino and charged lepton field, 
respectively. After spontaneous electroweak symmetry breaking, the seesaw mechanism leads 
to a following effective light neutrino mass term, 

meff = Y^M^iY,(if„)2 , (10) 

where {Hy)^ = v'^sm'^ p. For our purpose, we take the forms of Yj, and M/j in the SSM to 
be the same forms given in Eq. 



III. RG IMPROVED EFFECTIVE NEUTRINO MASS MATRIX 

Considering the RG effects in Y^, and Mji, we obtain a RG improved effective neutrino 
mass matrix via the seesaw reconstruction at the decoupling scales of the heavy neutrino 
singlets. The effective mass matrix at low energies can be found by running mcs{Q) from 
the decoupling scales to the electroweak scale mz- The procedures of the RG running and 
the useful formulae are given in Appendix. However, in the case of the normal hierarchical 
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neutrino mass spectrum of light neutrinos, the RG running effects from the decouphng scales 
of heavy Majorana neutrinos to the electroweak scale are turned out to be negligibly small. 
Ignoring the RG running effects from seesaw scale to the electroweak scale in Eqs. (lA20fA2ip . 
we can obtain the RG improved effective neutrino mass matrix at low energy presented as 
follows, 

( ^ ^ ^* n , .^\ 

+ 0{y% 



■rrif. 



m. 



m, 



a) 
l + a) 



l + a) TJif^rU + a) 'm*,,,il + 2a 



I 



where the parameter a corresponding to the RG correction is given as 



(11) 



■\yl-t, forSM, 



for SSM. 



(12) 



We recast Eq. ( llll) with the transformation i/^ — ^ e~*~z/^ and — > e^^v^-, as 



/ 



m 



ee 



4^e-*(l + S)^ 



m, 



(1 + a) m^^(l + a) (5^^(l + 2a) j 



where ^ = Q — ^ and 



5e^ = a/ A^cj^ + K^x^ + 2Ax/«t^ COS A0 



12, 



'k^ + UJ^ + 2k2cj2 cos 2A012 + C(-) 

7] 



COS \E' 



Xuj COS (pi + KX COS 02 



(13) 



a/ A^cj^ + K^x^ + 2Axft;i^ COS A012 ' 

CiJ^ COS 2</)i + COS 202 /'Of'"''^ 
" Jk-^ + UJ^ + 2/t2cj2 COS 2 A012 ^ 



It is quite interesting to notice that the size of a is very small, which breaks the fi — t 
reflection symmetry slightly in the mass matrix rrics, however, this tiny breaking effects can 
play a crucial role in linking between low energy neutrino data and leptogenesis, as will be 
shown later. This neutrino mass matrix is diagonalized by the PMNS mixing matrix ?7pmns, 
^PMNS^^efff^PMNS = Diag[mi , 7712, ^3] , where rrii {i = 1,2,3) indicates the mass eigenvalues 
of light Majorana neutrinos. As a result of the RG effects, CP violation phase Sqp is shifted 
by a tiny amount, A^: 



Sep - 



71 



Ax ~ —a 



^ + cos $ 



+ A2 sin $ 



(14) 



This effective mass matrix is similar to that of Ref. 



18|. 
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Here if the exact ji — t reflection symmetry is recovered, then a — and goes to zero. 
Atmospheric mixing angle ^23 is also deviated from 7r/4 due to the RG corrections, and the 
shift is approximately written by 

2 2 

^23 - 7 ^ -2«^^^ - 2 tan $ . (15) 

The magnitude of the unknown angle ^13, which will complete our knowledge of neutrino 
mixing, can be written as 



tan 2^13 2iK^ + oj^^^ ^ ' 



Note here that sin can be directly linked with leptogenesis through 5 



^ 2(A2+x2) .J 

defined in Eq. (l26l) . Solar neutrino mixing is also presented by 

t<m2ft.c.^|(^^±i^cos*. (17) 

The ratio between tan 26'i3 and tan 2^12 can be approximated by the exact /i — r reflection 
parameter as 

tan2^^i3 x' + A^ 



tan<l>, (18) 



tan 2^12 (/t2 + cj2) 
which is independent of the RG correction. 

From Eqs. (11411171) . the Jarlskog invariant Jcp can be approximated for 6'i3 <^ 1 by 

JcP ^ sin 2^12 ^ ^M^^^A^xi^' - + '^^(A^ - X^) cos A012}, (19) 

indicating that Jcp mainly depends on 6*12 and 6*13, which is in turn proportional to 

sin 2$ ~ TT-^{Ax(/t^ - ^^) + «:t<;(A2 - x^) cos A0i2} (20) 

deflned in Eq. (fT5]) . 



IV. RADIATIVELY INDUCED RESONANT LEPTOGENESIS 



A. In case of the SM 



Let us consider the CP asymmetry generated by the decays of the heavy Majorana 
neutrinos Ni (i=l, 2). In a basis where the right-handed Majorana neutrino mass matrix is 
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real and diagonal, the CP asymmetry generated through the interference between tree and 
one-loop diagrams for the decay of the heavy Majorana neutrino Ni is given, for each lepton 



flavor a (= e,fj,,T), by 22 



23| 



where the function g{x) is given by 



87r{Y,Yj 



(21) 



Ll 



X 



1 - (1 + x)ln 



1 + x 



X 



(22) 



Here i denotes a generation index and T{Ni —>■ ■ • ■) is the decay width of the zth- 
generation right-handed neutrino. Note here that the flavor effects generated due to the 
term Im|(yj,y'J)jj(y'j,)iQ,(Y'y)*Q,| disappears in the summation of for all flavors. In order 
for to be non-vanishing , not only breaking of the degeneracy of right-handed neutrinos 
but also non- vanishing Im[(Y',^Fj)jjt] and/or Re[(Y'j,y'J")jfc] are required at a seesaw scale M. 

In our scenario, we take the mass hierarchy M3 ^ Mi ~ M2, so that the lepton asymme- 
try required for a successful leptogenesis is generated from the decays of both A^"! and N2. 
When two lighter heavy Majorana neutrinos are nearly degenerate, the dominant contribu- 



tions to e^^^j^ 2) 



are arisen from self-energy diagrams and can be written by 22 1 



i67r(y;rj)i,5^ 



r 



^ j] 



(23) 



where Hij.Y^ and 5'^ are defined in Eqs. flA19|A20|A24IIA27l) of Appendix, and the term 
containing decay width is negligibly small. We notice from Eq. (123|) that ef is resonantly 
enhanced when Tj ~ {M'^^ — M'j^^) / M^i. Here, the RG evolution of the parameter 5^^ 
reflecting the mass splitting of the degenerate heavy Majorana neutrinos is governed by 
Eq. ( lAlSI) . In the limit 5% <^1^ the leading- log approximation for 5-'^ can be easily found 
to be 



(24) 



where the energy scale parameter t is defined by Eq. (]A3[) . By using Eqs. (12311 Al 91) . can 
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be expressed as 



where 



6ee = sin 2a; + Ax COS 2a , = (x^ — A^) cos2a — 2Axsin2a 



S^^ = sin 2a + kuj cos 2a cos A0i2 , 

= fi;a;sinA0i2 , = (k^ — cu^) cos2a — 2fi;a;sin2acos A0i2 , (26) 

the parameter e presenting RG corrections is defined in (1A23P and the two parameters /ii(2) 
are defined as 

hi = Hu/bl ~ (2^2 + x^) sin^ a + (A^ + 2uj^) cos^ a + {Ax + 2kco' cos A</)x2} sin 2a , 
/i2 = #22/^3 ^ (2k^ + x^) cos^ a + (A^ + 2u;2) sin^ a - {Ax + 2klj cos A0i2} sin 2a . (27) 



Note here that 6ee/Sj^r = "2, which is justified from Eq. ( lAlSp . and the sign of plus 



and minus in Eq. fl25l) correspond to the case of the decay of A^^i and A^2; respectively. It is 
worthwhile to notice that since the angle a given by Eq. (lAlSP is limited by —45*^ < a < 45°, 
/i2 (order of 10) is always greater than hi (order of 1), as will be shown later. This implies that 
El is dominant over £3 because of /i2 ^ /^i- Since the total CP asymmetries Si = Yla^? 
obtained by summing over the lepton fiavors a, with the help of Eqs. ( l26|A15|IA19fA23p . 
we can express the lepton asymmetries as follows ^ 

^1(2) ^ T-r^^y'r ■ t . (28) 

where the sign of minus and plus correspond to the case of the decay of A^i and A''2, re- 
spectively. As indicated in Eq. (!23l) . the CP asymmetries ef weakly depend on the heavy 
Majorana neutrino scale M. From Eqs. ( !25]l28l) . we see that oc y^t and cx yf. Therefore, 



the CP asymmetry el gets enhanced by el/ei ~ 2/{3y^t) due to fiavor effects [24 1. 



Eq. (pS)) can also be obtained directly by using Eq. (jA27p . 
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Below temperature T ~ Mj < 10^ GeV, it is known that muon and tau charged lepton 
Yukawa interactions are much faster than the Hubble expansion parameter rendering the yU 
and T Yukawa couplings in equilibrium. Then, the processes which wash out lepton number 
are flavor dependent and thus the lepton asymmetries for each flavor should be treated 
separately with different wash-out factors. Once the initial values of e'^ are fixed, the final 
result of rjB or Yb can be obtained by solving a set of fiavor- dependent Boltzmann equations 
including the decay, inverse decay, and scattering processes as well as the non-perturbative 
sphaleron interaction. In order to estimate the wash-out effects, we introduce the parameters 
which are the wash-out factors ma inly due to the inverse decay of the Majorana neutrino 



iVj into the lepton flavor a{= e, fi, r) 25|]. The explicit form of is given by 



where m* ~ 10~^ eV, and r(A^j ipla) and H{Mjii) denote the partial decay rate of the 
process Ni /q, + and the Hubble parameter at temperature T ~ M^j, respectively. The 
decay rate of Ni to the leptons with flavor la is parameterized by and the trace Yla 
coincides with the parameter mj. From Eq. (129!) and Eq. (]A20|) . the wash-out parameters 
are given as 

LI T ^'^^0 / ^ A \ 

Af' ^ + C^UJ + 2KCo'CQ,SaCOS A012) , 

j^M.r ^ !I^(c2k2 + ^2^2 _ 2^^C„S«COSA012) . (30) 



The final baryon asymmetry Yb is tlien given by 251] 



yb^^^Y Mel — -0 + yrU — -r) + >^rf<, — -01 • (31) 

37^L*V*'179 V 'V*'537 V ' V " 537 vJ ^ ^ 

Ni 

Notice that each CP asymmetry for a single flavor given in Eq. (13T]) is weighted differently 



by the corresponding wash-out parameter given by Eq 



|29|) . and appears with different 



weight in the flnal formula for the baryon asymmetry [25|]. From our numerical estimate, 
we found that the wash-out factors K" except for K2 are much greater than one indicating 
that corresponding lepton flavor asymmetries are strongly washed out, which is undesirable 
for successful leptogenesis. Since K2 can be much less than one and the lepton asymmetries 
given in Eq. (|25|1 are the same order of magnitude, the lepton asymmetry for electron flavor 
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in the weak wash-out regime leads to the dominant contribution to the lepton asymmetry, 
which can be enough to give rise to successful baryogenesis. Thus, Yb is approximately given 
by 

and the magnitudes of K2{= -ft'f + K2 + -ft'J) and K2 are approximately 

K2 ~ 130 - 160, ~ 10"^ - 1 . (33) 

In the weak wash-out regime (fCf < 1), the lepton asymmetry Y2 generated through the 



decay of N2 is given by 25 1 



^ ^•^'(3.3xl0-3ey)(3.3xl0-3ey)- (34) 
Therefore, the resulting baryon-to-photon ratio r/^ can be simply given as 

r]'^ ^ -10-3 ■ e'2K'2K2 • (35) 

As will be shown later, the wash-out factor K2 is proportional to the low energy mixing 
angle 6*13 and there is a connection between 77^ and low energy neutrino observables such as 
6113 and Jcp. 

On the other hand, the ratio of rjB without lepton flavor effects compared to r/^ with 

I. I 

lepton flavor effects [24] is presented by 

HR ^2 1 ^ / M . 1 

r/i, ^ el Kl{K2f ^ 327r2 Wgut ^ i^Ki^a)^ ' ^ ' 

Thus, without taking lepton flavor effects into account, the prediction of r^^ is suppressed 
by ~ / K2, ^.e., 4 ~ 8 orders of magnitude compared with r^^, which is too small to give 
a successful leptogenesis. 
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B. In case of the SSM 



Using the same way as in the case of the SM, we obtain from Eqs. fl21ll24p the lepton 
asymmetries for each lepton flavor expressed in terms of low energy parameters as 



^ ' 487r/ii(2) 1 3 5« J 



^1(2) 



967r/ii(2) I 3 



where the sign of minus and plus correspond to the case of the decay of A'^i and N2, respec- 
tively. Here, we notice that the lepton asymmetry is proportional to the parameter e, 
and at the same time can be enhanced by tan^ /?, because e oc y"^ = y^sM ^^^"^ P shown in 
Eq. flA23p . Here, we also note that in the SSM the loop function g{x) in Eq. fl2T]) and the 
mass splitting 6% are give by 

9{x) = V^Iy^ - 1^^] ' - 4[i^n - H,,] ■ t , (38) 

which are different from those in the SM. Summing over the lepton flavors a in Eq. fl2Tl) . 
the total lepton asymmetries are approximately given by 

It is worthwhile to notice that the radiatively induced lepton asymmetries £1(2) are pro- 
portional to = y^sui^ + ^^^^ /^)^' ^^'^ thus for large tan j3 it can be highly enhanced and 
proportional to tan^/?. Furthermore, it has an explicit dependence of the evolution scale 
t. These two points are already mentioned in Ref. 19(]. Taking lepton flavor effects into 



account, in this case the flnal baryon asymmetry is given as 



25| 



Ni 

Similar to the SM, below temperatures T ~ Mj < (1 + tan^/5)10^, muon and tau charged 
lepton Yukawa interactions are much faster than the Hubble expansion parameter rendering 
the fi and r Yukawa couplings in equilibrium. To obtain the flnal baryon asymmetry sur- 
vived, we should consider the wash-out factors. Similar to the SM, the magnitudes of i^f 
except for K2 are greater than one in our scenario. So, we will consider two cases depending 
on the magnitude of Kl : (i)ir| < 1 and K^'^ > 1 and > I, (ii) K^^^) > ^■ 
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1. In case of < 1 and K!^'^ > 1 and Kf > 1 {a = e, fi, r) 

This case implies that the muon and tau lepton asymmetries are strongly washed out, 
whereas the electron asymmetry generated through the decay of N2 is weakly washed out. 
The form of Y2 in the weak wash-out regime in the SSM is the same as that in the SM given 
by Eq. In this case, similar to the SM, the contribution of Y2 to Yb is dominant over 

the others. Thus, Yb is approximately give by 

r5^Hy;fe^,-^m^) , (41) 



31 ^ V ^ 110 

and the magnitudes of K2 and K2 are approximately 

i\:2 ~ 80 (tan/3 = 1), ~ 40 (tan /? = 10 - 60) , IQ-^ ~ I . (42) 

The resulting baryon-to-photon ratio is simply given as 

7^'b - -10-'' ■ elK'2K2 . (43) 

Just like the SM, one can see that there is a connection between baryon asymmetry and low 
energy neutrino observables. The ratio of 77^ without lepton flavor effects to 77^ with lepton 
flavor effects are simply given by {2^ 

!^^£a ^ ^^Inf^) ^ (44) 

From this result, we see that without taking lepton flavor effects into account the prediction 
of TjB is suppressed by ~ 10~*(l + tan^/?)/ii"|, compared with rf^ . However, on the contrary 
to the flavor independent leptogenesis in the SM, it is possible to get a right amount of 
baryon asymmetry without flavor effects for the case of large tan/? (~ 60). 



2. In case of 2 > li (a = e,fi,T) 



In the strong wash-out regime > 1 (a = e, zi, r), the lepton asymmetry for the flavor 



la generated through the decay of Ni is given by 



~ 0.3^ 

g* 



e? /0.55 X 10-3e1/\i-i6 



rriT 



(45) 
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In this case, given the initial thermal abundance of Ni and the condition for Kf", the baryon 
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asymmetry including lepton flavor effects is approximately given by 

r^L^-lO'^J^J^eX, with«:r = -^. (46) 

i a * 

Here, we note that each lepton asymmetry ef are almost the same order of magnitudes, even 
though el for large tan j3 and el for small tan (3 are slightly dominant within a few factors. 
According to our numerical estimate, the typical sizes of the suppression factors are 

kI ~ 10"^ > 4'" ~ 2 X 10~2 > > /«2 ~ 10'^ for tan/3 > 3, 

ft^ ~ 5 X 10"^ > ~ 10"^ > <^ > ~ 4 X 10"^ for tan/3 < 3 , (47) 

which indicates that the flavor dependent wash-out factors equally contribute to leptogenesis. 

Using Eq. (H7j) . the resulting baryon-to-photon ratio r/^ can be simply approximated as 
an order of magnitude 

r?^ ~ 10""(l + tan2/3) , (48) 

which represents that at least tan /? > 7 is needed for the flavored leptogenesis to successfully 
work (see. Fig. [6] in sec. V). 

As a consequence, in the strong wash-out case, the resulting baryon asymmetry is too 
small to give a successful leptogenesis in the SM, whereas at least tan/3 > 7 would be 
necessary to accommodate required baryon asymmetry in the SSM, and there exists also 
a connection between leptogenesis and low energy observable 612. Note that the strong 
wash-out case only allow 6*13 to be > 6° which is from the condition K2 > 1. 



V. NUMERICAL ANALYSIS AND RESULTS 

In order to estimate the RG evolutions of neutrino Dirac- Yukawa matrix and heavy 
Majorana neutrino masses from the GUT scale to a seesaw scale, we numerically solve all the 
relevant RG equations presented in [l^ . In our numerical calculation of the RG evolutions, 
we first fix the values of two masses of heavy Majorana neutrinos with hierarchy M3 S> 
Ml = M2 = M to be Ms = 10^^ GeV, and M2 = 5 x 10^ GeV as inputs^ Then we solve 

^ We note that the mass M can be as Ught as 10^ GeV in our scenario. 
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the RG equations by varying input values of all the parameter space {63, k, a;, A, x, 0i, ^2} 
given at the GUT scale. Then, finally we select the parameter space allowed by low energy 
neutrino experimental data. At present, we have five experimental data, which are taken as 
low energy constraints in our numerical analysis, given at 3cr by {27], 

0.26 < sin^ 612 < 0.40 , 0.34 < sin^ < 0.67 , sin^ < 0.050, 

2.0 < Amit^[10"W] < 2.8 , 7.1 < Aml^^[10-hV^] < 8.3, (49) 

where Am\^^^ = m\ — m\ and Amg^j = m\ — m\. In addition, the current measurement of 
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baryon asymmetry of our universe if^^ we take in our numerical calculation is given by 

r/^"P = (6.2±0.15) X 10-^°. (50) 

Using the results of the RG evolutions, we estimate baryon asymmetry for the parameter 
space constrained from the low energy experimental data. 



A. In case of < 1 and K^'^ > 1 and Kf > I (a = e, //, r) 

For this case of wash-out factors, we found that baryogenesis could be successfully imple- 
mented in the SM and the SSM through electron fiavor dominant leptogenesis. In addition, 
we show that the successful leptogenesis could be hnked with low energy observables (6*13 
and Jcp) through the RG parameter e given in Eq. flA23l) as well as A'f. 

In Fig.[T], we show the scatter plots for the model parameters in the SM (upper panel) and 
the SSM (tan/5 = 10) (lower panel) constrained by the experimental data given in Eq. ( I49ll : 
the figures in the left-hand side exhibit how the parameters /t (triangles), uj (circles), 
A (asters) and x(crosses) are correlated with the angle a defined in Eq. ( ]A15[) . respec- 
tively and the figures in the right-hand side represent how the difference between the phases 
01 and 02 in Eq- (E]), |A0| (= |02 — 0i|), depends on the angle a . 

In Fig. [21, we present how the wash-out factor (Fig. 2-a) and CP violating observable 
Jcp (Fig. 2-b) are correlated with the mixing angle ^13. The circles, triangles, stars and 
spots in Fig. 2 correspond to the cases of the SM, and the SSM with tan/? = 1, tan/3 = 10 
and tan/5 = 60, respectively. From Fig. 2-(a), we see that in the case K2 < 1 (weak wash- 
out regime) the mixing angle ^13 is limited. Even in the case of the SSM with tan f3 = 60, the 
upper limit of 613 is about 9 degree. It is remarkable from Fig. 2- (a) that r^^ is expected to 
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FIG. 1: Parameter regions allowed by the experimental constraints at 3a C.L. given in Eq. (j49p 
for M3 = 10^^ GeV, M2 = 5 x 10^ GeV. The figures in left-hand side exhibit how the parameters 
K(triangles), a;(circles), A(asters) and x(crosses) are correlated with the angle a, respectively and 
the figures in right-hand side represent how |A0| depends on the angle a, where A(j) = (p2 — 4>i, 
among the phases assigned in the neutrino Dirac- Yukawa matrix given in the form of Eq. ([3]). 
Upper panels correspond to the case of the SM, whereas lower panels correspond to the case of the 
SSM for tan /3 = 10. 

be enhanced through K2 as ^13 gets lower. Thus, this case with K2 < 1 favors low values of 
6*13 . The vertical dotted lines in Fig. 2-(b) indicate the values of 6*13 corresponding to best-fit 
value of baryon asymmetry of our universe, i.e. 77^''"^^ = 6.2 x 10~^°, when tan/? = 1, 10 
and 60, respectively, whereas the vertical solid line corresponds to the case of the SM. As can 
be seen in Fig. [2]-(b), the prediction of Jcp for the SSM with a low tan (3 can be measurable 
in the near future from long baseline neutrino oscillations. 

In Fig. [31 we present the predictions of (a) 77^ and (b) rjs for the SM (triangle), the 



18 



SM tanp=1 tanp=10 



tanp=60 



I 



lo' 



3456789 10 
(a) e„ [Deg.] 



tanip=l 




S 6 7 8 9 10 
(b) e,, [Deg.] 



FIG. 2: Plots of wash-out parameter (a) and Jcp as a function of ^13 for the SM (circles), the 
SSM with tan/3 = 1 (triangles), 10 (stars), 60 (spots). The vertical dotted lines indicate the values 
of corresponding to the best-fit value of rjB for tan/3 = 1, 10 and 60, respectively, whereas the 
vertical solid line corresponds to the case of the SM. 
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FIG. 3: Predictions for the baryon asymmetries (a) ry^ and (b) rjB as a function of ^13 for the same 
parameter space as in Fig. [TJ The horizontal dotted lines and solid line in Fig. [3] (also in Figs. |4] 
and Fig. [6]) correspond to the current bounds on r]B, measured from the current astrophysical 
observations [28i |. 

SSM with tan/3 = 1 (daggers), 10 (asters) and 60 (circles) as a function of the mixing angle 
6'i3. In the case of flavor dependent leptogenesis, the allowed values of r/^ prefers very low 
values of ^13. The horizontal dotted lines and solid line in Fig. [3] (also in Figs. |4]and Fig. [6]) 
correspond to the current bounds on rjB- We see from Fig. [3] that the prediction of r^^ in 
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FIG. 4: (a) Predictions of tan/3 in terms of ^13 for flavored leptogenesis. (b) A link between r/^ 
and Jqp and | Jcp| for the SM and the SSM, respectively. 

the SSM for a fixed ^13 is increased as tan/3 increases. As explained with Eq. fj44|) . we see 
from Fig. [3] that rjB is suppressed by factor 4 ~ 8 compared with 77^ because of the different 
wash-out factors presented in Eq. fl5U]) . We also see from Fig. [3] that a successful baryogenesis 
can be achieved via fiavor dependent leptogenesis in both the SM and the SSM, whereas 
a successful baryogenesis via fiavor independent leptogenesis is possible only for the SSM 
with large tan/3 (~ 60). For this case, we can obtain lower limit of tan/3 from the current 
observation for rjB based on Eqs. flllf27IIA19)A23|) as follows; 



tan /3 



> 



2 X 10 



5hi 



1/4 



(51) 



t 

Imposing the best-fit value of observed baryon asymmetry, is determined to be 2° for 
the SM and 6.2°, 1.8° and 0.4° for the SSM with tan/3 = 1, 10 and 60, respectively. For the 
case K2 < 1, the dominant contribution to 77^ comes from the e-leptogenesis rj'^, as shown 
in Eq. fj43l) . In the case of the SSM, the value of 6*13 corresponding to J]^^"^""" becomes lower 



as tan /3 gets higher because K2 is proportional to ^^13. From Eqs. (I25|43ll50p . we can roughly 
get the value of tan /3 corresponding to ?7^^~^"^ as follows: 



n ■ 0.1 

tan p 



6h, 



6^ 6^ 



1/2 

1 1 . (52) 



In Fig. Il]-(a), we present how tan/3 is correlated with the mixing angle ^13, which refiects 
the above equation (1521) . Fig. Il]-(b) shows how the baryon asymmetry 77^ is sensitive to the 
CP violating observable Jcp given by Eq. ([T9l) . The triangles, daggers, asters and circles 
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FIG. 5: The same as Fig. [T]for tan/5 = 10 except for K" > 1. 

correspond to the cases of the SM and the SSM with tan (3 = 1, 10, 60, respectively. The value 
of r/^ corresponding to ri'j^^~^'^ for the case of the SM leads to | Jcp| — 0.008 (and 6*13 ~ 2°), 
which can be measured in the future long-baseline neutrino oscillation experiments. From 
Fig. Ill-(b) and Fig. [2]-(b), we see that the value of Jcp corresponding to 77^^"^""" for the 
case of the SSM becomes higher as tan/? gets smaller. Thus, if future experiments can 
measure Jcp with a sensitivity better than 0.01, the predictions of 77^ in the SSM with low 
tan/3 (< 10) could be probed. 

B. In case of > 1) {a = e,fi,T) 

In the case of strong wash-out for the decay of Ni^2, Kl'^^ > 1, it turns out that baryoge- 
nesis in the SM cannot be successfully realized. However, as can be seen in Eq. (l48l) . flavor 
dependent leptogenesis in the SSM could successfully be implemented at least for tan /3 > 7 
as explained below. In Fig. [5l we show the scatter plots for the model parameters in the SSM 
with tan/5 = 10 constrained by the experimental data given in Eq. fH9|) : Fig. 5-(a) exhibits 
how the parameters k (triangles), oj (circles), A (asters) and x (crosses) are correlated with 
the angle a defined in Eq. ( ]A15p . respectively. Fig. 5-(b) represents how |A</)| depends on 
the angle a. Fig. [6] presents the predictions of baryon asymmetry for the allowed parameter 
regions presented in Fig. [5]as a function of (a) the solar mixing angle 9i2 and (b) the CHOOZ 
mixing angle 61^. The results indicate that in the SSM flavor dependent leptogenesis can 
successfully work out for tan/? > 10, whereas flavor independent leptogenesis does so only 



21 



10' 
10" 
10" 
10" 
10" 
10" 



rtanp=60 

E 4( 

:tanp=10 



4* 



6D. 



tanp=10 



26 28 30 32 34 36 38 40 42 
(a) e„ [Deg.] 



yo- 
yo- 

10' 
10' 

10-' 

10' 
10' 

lo' 



I tanp=60 



- tanp=10 , , ' 



tanp^GO 



tanp=10 



11 12 13 
e„ [Deg.] 



FIG. 6: Predictions for the baryon asymmetry as a function of (a) 612 and (b) ^13 for the same 
parameter space as in Fig. [5] in the strong wash-out hmit. The triangles and diamonds (daggers 
and asters) correspond to flavored (unflavored) leptogenesis for tan /? = 60 and 10, respectively. 

for the SSM with tan/3 ~ 60. 

From Eqs. fl25|46|50p . we can get the relation, 



tan j3 



^best-fit 1/2 



(53) 



where x = ^Jb/Ut- The relation given by Eq. flS^ indicates that there exits a correlation 
between tan/? and 612 for a fixed value of tjb- In particular, taking rjB = v'b^~^'^ > plot 
the correlation between tan/3 and 612 in Fig. [3-(b). From our numerical estimate, we found 
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FIG. 7: (a) Plot presenting how tan (3 is sensitive to 612 for flavored leptogenesis. (b) The relation- 
ship between Jqp and 612 mentioned in Eq. (jl9p . 
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that in order for the prediction of r^^ in the case of strong wash-out to be consistent with 
the right amount of baryon asymmetry given by Eq. fl50l) the value of tan (3 should be 

tan/5>7. (54) 

Thus, future measurements for tan (3 and 6*12 could serve as an indirect test for the scenario 
of baryogenesis considered in this paper. Fig. [3-(b) represents the correlation between Jcp 
and 9i2 for a fixed value of riB{= ■q^^'^-^'^y The results show that the best fit value of rjB 
and the current measurement of 612 favors |Jcp| — 0.04 which can be measurable in the 
upcoming long baseline neutrino oscillation experiments. 



VI. SUMMARY 



As a summary, we have considered an exact ^ — t reflection symmetry in neutrino sector 
realized at the GUT scale in the context of the seesaw model. The exact /i — r reflection 
symmetry has been imposed in the basis where both the charged lepton mass and heavy 
Majorana neutrino mass matrices are real and diagonal. We have assumed that the two 
lighter heavy Majorana neutrinos are degenerate at the GUT scale. It has been shown that 
the RG evolution from the GUT scale to the seesaw scale gives rise to breaking of the /i — r 
symmetry and a tiny splitting between two degenerate heavy Majorana neutrino masses as 
well as small variations of the CP phases in y^, which are essential to achieve a successful 
leptogenesis. Such small RG effects lead to tiny deviations of from the maximal value 
and the CP phase 5cp from | imposed at the GUT scale due to — r reflection symmetry. 
In our scenario, the required amount of the baryon asymmetry rjB could be generated via 
so-called resonant e-leptogenesis, in which the wash-out factor concerned with electron flavor 
plays a crucial role in reproducing a successful leptogenesis. And we have found that the 
magnitude of the electron leptogenesis is enhanced by 4 ~ 8 orders due to the flavor effects 
in the SM, and enhanced further by a factor of tan^ (3 for the SSM. 

A point deserved to notice is that CP violation responsible for the generation of baryon 
asymmetry of our universe comes from the breaking of both the two degenerate heavy 
Majorana neutrinos and the CP phases (j)i^2 in by RG evolutions, which corresponds to 
the tiny breakdown of /i—r reflection symmetry, and such small RG effects cause leptogenesis 
to directly be linked with the CP violation measurable through neutrino oscillation as well 
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as neutrino mixing angles 612 and ^13. We expect that in addition to the reactor and 
long baseline neutrino experiments for precise measurements of neutrino mixing angles and 
CP violation, the measurements for the supersymmetric parameter tan /3 at future collider 

experiments would serve as an indirect test of our scenario of baryogenesis based on the 
jj. — T reflection symmetry. 
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APPENDIX A: RELEVANT RENORMALIZATION GROUP EQUATIONS 



A non-zero leptonic asymmetry can be generated if and only if the CP odd invariants 
Jcp = ImTr[i7M^M^M^i7'^MR] does not vanish [l7|,l29|. Since Jcp can be expressed in 
the form 

Jcp = 2j2 {m^M,{M] - Ml)\m[Hi^]Re[H,,]Y H = Y,YI , (Al) 

i<j 

which is relevant for leptogenesis 17| , a non- vanishing leptonic asymmetry requires not only 
Mi 7^ Mj but also lm[Hij]Re[Hij] 7^ 0, (i 7^ j = 1,2,3), at the leptogenesis scale. Even if 
we start from exact degeneracy between the two light heavy Majorana neutrinos {Ni,N2) 
at a certain high energy scale, it is likely to see that some splitting in their masses could 
be induced at a different scale (seesaw scale) through RG running effects. And the Dirac 
neutrino Yukawa matrix Y^ is also modified by the same RG effect, which is very important 
to obtain nonzero Im[ifjj]Re[ifjj] 7^ 0, as will be shown later. 

The radiative behavior of the heavy Majorana neutrinos mass matrix M/j is dictated by 



the following RG equations |15| : 



^ = [(Y.Yt)M^ + M^(Y,Yt)^] , SM 

^ 2[(Y,Yt)M^ + M^(Y,Yt)^] , SSM (A2) 



dt 
where 

t = -i^ln(Q/MGUT) (A3) 

with an arbitrary renormalization scale Q. The RG equations for the Dirac- Yukawa neutrino 
matrix can be written as 

^ = Y.[(T - - Isl) - ^(YjY, - YtY.)] , SM 
dY 3 

^ = Y.[(T - 3gl - ^gl) + yJy, + 3Yt Y. , SSM (A4) 

where T = Tr{3Y,^Yu + YIY^), F„ and Y, are the Yukawa matrices for up-type quarks and 
charged leptons and g2^i are the SU(2)^ and U(l)y gauge coupling constants. 

Let us first reformulate the RG equations (lA2p in the basis where M/j is diagonal. Since 
ISAji is symmetric, it can be diagonalized by a unitary matrix V, 

V^MrV = Diag.(Mi, M2, M3). (A5) 
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As the structure of the mass matrix M/j changes with the evolution of the scale, the unitary 
matrix V depends on the scale, too. The RG evolution of the matrix V{t) can be written as 

±V^VA. (A6) 

where A is an anti-Hermitian matrix = —A due to the unitary of V. Then, differentiating 
Eq. flA5|) . we obtain 



dt 
dMiS^ 



AjM, + M,A, + {V^[{Y,YI)Mr + MR{Y,Ylf]Vh, , SM 



= 4M, + M,A, + 2{V^[iY,Yi)Mn + M^^Y.Yt , SSM. (A7) 

Absorbing the unitary transformation into the Dirac- Yukawa coupling Y,y = V^Y,,, the real 
diagonal part of Eq. ( 1A7I) becomes 

dMi 



dt 

dMi 



AMiiXXh , SSM. (A8) 



dt 

The off diagonal part of Eq. (IA7p leads to 

Aii = '^jrZ^M(yX)i,\ + . SSM. (A9) 

The RG equations for in the basis where are diagonal is written as 
^ = n[(T - \gl - \gl) - \{Y\Y, - Y^)] + A^Y^ , SM 

dY 

^ = n[(T - 3gl - ^gl) + yJy, + 3YX)] + , SSM. (AlO) 

The RG equations for the quantity H relevant for leptogenesis can be written as 

^ = 2(T - ^gl - ^gl)H - 3Y^iY]Y,)Y^ + 3H' + A^H + HA* , SM 
d J-f 3 

— = 2(T - 3^2^ - -gf)H + 2Y^{YjYi)Yj + QH^ + A^H + HA* , SSM. (All) 

do o 

We see from Eq. (IA9I) that the real part of Aij is singular when Mj = Mj. The singularity 
in Re[Ajj] can be eliminated with the help of an appropriate rotation between degenerate 
heavy Majorana neutrino states. Such a rotation does not change any physics and it is 
equivalent to absorb the rotation matrix R into the Dirac- Yukawa neutrino matrix Y^,, 

Y,^Y, = RY,, (A12) 
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where the matrix in our case, particularly rotating the 1st and 2rd generations of heavy 
Majorana neutrinos can be parameterized as 



^ cos a sin a ^ 



R{a) 



\ 



(A13) 



sin a cos a 
V 

Then, the singularity in the real part of Aij is indeed removed when the rotation angle a is 
taken to be satisfied with the condition, 



Re[(Y'i/y'J)jj] = , for any pair i,j corresponding to Mi = Mj , 



for i,j = 1, 2, which leads to 

tan2Q; 



2H 



12 



2(Ax + 2to'/tcos A0 



12) 



With Yij, we construct a parameter H as follows; 



(AM) 



(A15) 



^ Hn 



H = Y^Yl = RHR^ 



H22 H23 
His H23 Hs3 



(A16) 



where H = YuYj and the components of H are given by 



H22 



Hii cos^ a + H12 sin 2a + H22 sin^ a 
H22 cos^ a — H12 sin 2a + Hu sin^ a 



= His cos a + H23 sin a , 
H23 = H23 cos a — Hi3 sin a . 



It is then obvious from Eq. (1A16P that Re [(Fj^Fj) 12(21)] = and thus the singularity in ^12(21) 
does not appear. 

Now, let us consider RG effects which may play an important role in successful leptogen- 
esis. First, we parameterize the mass splitting of the degenerate heavy Majorana neutrinos 
in terms of a parameter 6n defined by 



1 



M2 

Ml 



(A17) 



which is governed by the following RG equations derived from Eq. (lASp . 

d^N , ^r^^ Tr n ^Hi2 



dt 
~dt 



2{1~6m)[Hii-H22] 
A{1-6n)[Hii-H22] 
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sin 2a 
8H12 
sin 2a 



SM 
SSM. 



(A18) 



The solutions of the RG equations (1A18|1 are approximately given by 



bjS ■ t, 



SM 



2bl6-t, SSM 



with 6 



4(Ax + SciJK cos A012) 
sin 2a 



(A19) 



where we used the parameters defined in Eq. (j4]). 

Next, we consider RG running of the Dirac neutrino Yukawa matrix from the GUT 
scale to the seesaw scale, Q ~ M. Since the RG evolution produces non-zero off-diagonal 
entries in Mpt, it has to be re-diagonalized by a unitary transformation, — V^M^Vr = 
diag(Mi, M2, M3) , which leads to the rotation, Nji — > VrNr and VrY„. Neglecting 

the corrections proportional to charged-/^ and -e Yukawa coupling, and ye, we can obtain 
the RG improved Dirac neutrino Yukawa matrix given for the SM by 



/ 2 \ 

/ yu - mi -t yi2- ez/22 ■ t 1/1*2 - (ei/22 + %i/i*2) ■ t \ 



Y,{M) 



and for the SSM by 



Z/21 + mi -t y22 + eyi2 -t yl^ + {eyl^ - ^y22) ■ t 



2/32 



2/32 



( yn + f 2/21 ■ t 2/12 + I2/22 ■ t + (|2/2*2 + 2/^2/1*2) " t \ 

2/11 -t 2/22 - I2/I2 ■ t ?/2*2 - (|2/l*2 - 2/r2/22) " t 



2/21 



3 ■ 

3 





3 ■ 
3 ■ 
^32 



where cos a 



sin a = Sa, the components of Y^{M) are 



2/11 = &3(ACq + XSa) , 2/12 = h{e'-'^'' KSa + C^'^^C^Ca) , 

2/21 = hixca - Asq) , 2/22 = &3(e*'^'«:c„ - e*'^iu;s«) , 7/32 = 63 



(A20) 



(A21) 



(A22) 



and the parameter e presenting RG corrections is given by 

3yl I ^^-^ sin 2a; + klu cos 2q; cos A0i2 | 
5 



(A23) 



Note here that the third low of Y^{M) is not changed because d{Yij)^k/ dt does not depend 
on A12. As will be shown later, the parameter e is proportional to 2/rSM ^^"^ 
?/^sm(1 + tan^/5) in the SSM and it plays important roles in both leptogenesis and low- 
energy CP violation. At the seesaw scale, the combination of the Yukawa-Dirac coupling 
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matrices and the mass matrix of right-handed heavy Majorana neutrino, respectively, can 
be written as 



^ Hn Hi2 ^ 



H{M) = Y,{M)Yj{M) 



H21 H22 H23 
His H23 

Mr ~ diag(Mi, M2, M3) , with M2 < Mi < M3 . 



v 



(A24) 



Here the (1,2) and (2,l)-components of H{M) are the quantities radiatively generated by RG 
running. Considering the structure of H in Eq. (]A16|) . up to non-zero leading contributions 
in the right side of Eq. flAlip . the RG equations of H12 are given for the SM by 



dRe[H 



12 



dlm[Hi2] 



dt 

and for the SSM by 

dRe[Hi2] 



-3y^Re[(r,i,F;2^)] + Re[A2i]{H22 - Hn] 
-3yllm[iY,irY:2,)] , 



(A25) 



dt 

dlm[Hu] 



dt 



2ylRe[{Y,i,Y:,^)] + Re[A2i]{H22 - H^i) , 
2yl\m[{Y,,rY:,^)] . 



(A26) 



Using Eqs. (lAQIIAlSp . radiatively generated H12 is given approximately in terms of the 
parameters in Eqs. (IE]) and ( ]A16[) . for the SM, by 

1 



Re[Hi2] = Re[H2i] 

Im[^i2] = -Im[^2i] — Sy^fogCUKsin A012 • t 



2^2 

3 



-{k^ — uj"^) sin 2a + kuj cos 2a cos A0i2 



t 



(A27) 



and for the SSM by 



Re[Hi2] = Re[H2i] ~ ylhl 



2^ 



uj^) sin 2a + ncu cos 2a cos A0 



12 



Im[ifi2] = -lm[H2i] ~ -2?/^63u;/tsin A012 ■ t 



(A28) 



Note here that radiatively generated quantity Im[ifi2] is proportional to sinA</)i2 which is 
fixed by the angle a in Eq. ( lAlSp due to the fi — t reflection symmetry, and related with 
low energy observables 6^13 and Jcp in Eqs. fll6lll9p . 
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